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INTRODUCTION 

Nondestructive  Inspection  (NDI)  capabilities  are  steadily  being  improved. 
One  result  of  this  technological  advancement  is  that  fabrication  discontin¬ 
uities  in  weldments  can  now  be  more  readily  detected.  This  trend,  in  turn, 
places  greater  emphasis  on  the  need  for  rational  accept/reject  criteria  for 
discontinuities  found  in  weldments. 

In  many  instances,  existing  fabrication  standards  are  based  upon  arbi¬ 
trary  discontinuity  acceptance  criteria.  Frequently,  such  standards  are 
derived  largely  from  workmanship  considerations.  For  situations  where  work¬ 
manship  standards  have  a  long  history  of  satisfactory  use,  this  is  an 
acceptable  approach.  However,  workmanship  standards  can  also  be  costly 
and/or  nonconservative  when  applied  to  the  fabrication  of  failure-critical 
structures.  Weld  repairs  to  remove  fabrication  discontinuities  can  be  costly 
to  perform  and,  if  not  properly  carried  out,  can  introduce  discontinuities 
(and  residual  stresses)  more  severe  than  the  ones  being  removed.  Weld 
repairs  are  often  conducted  under  adverse  conditions  and  can  easily  result  in 
a  product  which  is  inferior  to  the  original. 
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Thus,  a  strong  need  exists  to  develop  rational  criteria  for  discontinuity 
acceptance  standards.  This  is  often  referred  to  as  a  fitness-for-purpose 
approach  to  discontinuity  characterization.  This  approach  has  been  applied 
in  recent  years  to  the  development  of  several  new  codes  and  standards 
involving  metal  fatigue  [1-4].  However,  to  date,  this  approach  has  yet  to  be 
developed  for  high-strength  steels  such  as  HY-130.  Also,  in  some  instances, 
the  recent  fitness-for-purpose  criteria  have  been  developed  on  a  very 
conservative  basis  for  application  to  situations  where  failure  would  incur 
very  grave  consequences,  and  thus  may  be  inappropriate  for  general 
engineering  application. 

BACKGROUND 

The  present  study  was  undertaken  to  explore  the  applicability  of  linear 
elastic  fracture  mechanics  to  characterize  the  fatigue  behavior  of  HY-130 
steel  butt  weldments  containing  internal  lack-of-penetration  (LOP)  and  slag/ 
lack-of-fusion  (S/LOF)  discontinuities.  For  such  welds  total  fatigue  life 
can  be  divided  into  a  period  of  crack  initiation,  in  which  the  discontin¬ 
uity  does  not  enlarge  perceptibly,  and  a  subsequent  period  of  crack  propaga¬ 
tion  in  which  a  crack  originating  at  the  flaw  enlarges  until  fracture 
occurs.  Crack  initiation  and  crack  propagation  both  play  important  roles  in 
the  overall  fatigue  failure  process.  The  present  study  is  aimed  at  under¬ 
standing  the  relative  Importance  of  each  phase  of  fatigue  failure  for  high- 
strength  steel  weldments  containing  internal  discontinuities,  to  assess  the 
ability  of  fracture  mechanics  in  analyzing  both  phases,  and  to  characterize 
the  effects  of  various  discontinuity  sizes  and  shapes  on  fatigue  life. 

MATERIALS  AND  SPECIMEN  PREPARATION 

The  test  specimens  used  in  this  study  were  fabricated  from  25-mm  (1-in.) 
thick  HY-130  steel  plate  material  joined  by  various  weld  metals,  including 
7018,  9018,  11018  and  14018.  The  chemistry  and  mechanical  properties  of  the 
HY-130  plate  material  are  given  in  Tables  1  and  2.  Chemistries  of  the 
various  weld  metals  are  given  In  Table  3. 

Full-penetration,  double-V  groove  butt  welds  were  used  to  fabricate  the 
axially-loaded  fatigue  specimens.  Figure  1.  Typical  welding  and  post  weld 
heat  treatment  conditions  for  the  fabrication  of  the  test  specimens,  using 
the  shielded  metal-arc  (SMA)  process,  are  listed  in  Table  4.  Several  types 
of  welds  were  prepared  and  studied.  Discontinuity-free  sound  welds  and 
welds  containing  LOP  discontinuities  were  prepared  using  14018  weld  metal 
under  contract  by  the  Southwest  Research  Institute.  Specimens  containing 
S/LOF  discontinuities  using  a  variety  of  weld  metals  were  prepared  by  the 
University  of  Tennessee  under  a  joint  cooperative  research  program.  Welding 
procedures  were  in  general  agreement  with  Navy  standards  for  HY-130  fabri¬ 
cation  [5].  However,  the  intentional  formation  of  specific  discontinuities 
in  welds  is  an  unusual  and  highly  selective  procedure.  LOP  discontinuities 
were  formed  by  butting  large  land  areas  which  were  left  unjoined  in  sub¬ 
sequent  weld  passes.  S/LOF  discontinuities  were  formed  by  entrapping  slag 
deposits.  Both  procedures  were  accomplished  using  multipass  manual  methods. 

After  welding,  reinforcements  were  ground  smooth  to  assure  that  internal 
discontinuity  behavior  would  control  the  fatigue  failure  process.  Also,  the 
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weld  region  was  reduced  slightly  In  width  to  further  assure  that  fatigue 
failures  would  initiate  in  the  desired  location.  Following  preparation,  all 
specimens  were  examined  using  radiographic  inspection  to  determine  the 
features  of  the  internal  discontinuities.  The  axial  loading  applied  to  the 
specimens  assured  that  the  cyclic  stresses  were  uniform  across  the  test 
section  of  the  welds. 

TEST  PROCEDURES 

The  fatigue  specimens  were  tested  under  constant-stress-amplitude  zero- 
to-tension  cyclic  loading,  with  the  load  ratio  R  *  PnHn/Pm a-r  *  0.  The  speci¬ 
mens  were  loaded  in  a  2.7-MN  (600,000-lb.)  capacity  closed-loop  servo- 
hydraulic  fatigue  machine  equipped  with  large  hydraulic  squeeze  grips,  so 
that  the  plate  samples  could  be  gripped  directly  without  requiring  any 
special  machining  or  preparation. 

All  specimens  were  tested  to  complete  fracture.  However,  the  tests  were 
monitored  periodically  to  determine  the  onset  of  internal  fatigue  cracking. 
This  was  accomplished  by  placing  strain  gages  on  the  specimen  test  section. 
Strain  gage  readings  provided  a  sensitive  indication  of  the  point  in  the 
fatigue  life  where  significant  enlargement  of  internal  defects  began  to 
occur.  This  point  is  regarded  as  the  fatigue  crack  initiation  life. 

The  post-failure  fracture  surfaces  of  each  specimen  were  examined  to 
various  degrees ,  depending  upon  the  particular  specimen  and  its  fatigue 
behavior.  Initial  discontinuity  sizes  were  carefully  measured  and  recorded 
for  use  in  the  fracture  mechanics  analysis  of  the  fatigue  life  data.  Crack 
initiation  sites  were  noted  and  micro-fracture  modes  were  determined. 

RESULTS  AND  ANALYSIS 

Fatigue  Life  Data 


The  raw  fatigue  life  data  summarized  in  Table  5  and  are  plotted  in 
Figures  2  and  3,  which  are  semilogarithmic  plots  of  stress  amplitude  (S) 
versus  cycles-to-failure  (Nf)  and  cycles-to-initiation  (tty),  respectively. 
These  plots  include  data  from  10  sound  weld  specimens,  11  specimens  contain¬ 
ing  LOP  discontinuities,  and  18  specimens  containing  S/LOF  discontinuities 
from  this  investigation.  In  addition,  selected  data  from  a  previous  investi¬ 
gation  by  Lawrence  and  Radziminski  [6]  are  also  included  for  purposes  of 
comparison. 

The  fatigue  life  data  shown  in  Figures  2  and  3  represent  a  broad  range  of 
stress  levels  and  fatigue  lifetimes.  Stress  amplitudes  vary  from  276  to  827 
MPa  (40  to  120  ksi),  approximately  30  to  90  percent  of  nominal  yield 
strength,  and  the  fatigue  lifetimes  vary  from  approximately  2  x  10^  to  4  x 
105  cycles.  Most  of  these  data  fall  within  the  fatigue  life  range  of  what  is 
generally  considered  to  be  low-cycle  fatigue,  i.e.,  less  than  1(P  cycles  to 
failure.  However,  the  high-strength  HY-130  steel  studied  in  this  investiga¬ 
tion  did  not  develop  the  cyclic  plastic  deformation  normally  associated  with 
low-cycle  fatigue  testing  [7]. 


The  data  in  Figures  2  and  3  indicate  a  very  broad  spectrum  of  fatigue 
lifetimes  as  a  function  of  stress  amplitude  and  discontinuity  character- 


istics.  The  fatigue  lifetimes,  either  Nf  or  Nf,  can  vary  by  as  much  as  two 
orders  of  magnitude  at  a  given  stress  level  depending  upon  discontinuity 
severity.  Thus,  it  is  apparent  that  discontinuity  characteristics  play  a 
crucial  role  in  the  fatigue  behavior  of  HY-130  steel  weldments,  and  that 
fatigue  life  is  a  function  of  both  stress  amplitude  and  discontinuity 
characterization  parameters. 

The  relationship  between  Nf  and  Nf  for  the  sound  welds  is  shown  in  Figure 
4.  This  is  consistent  with  previous  observations  that  crack  initiation 
constitutes  a  larger  percentage  of  total  fatigue  life  as  fatigue  lifetimes 
become  longer  [8]. 

Fracture  Mechanics  Methodology 

Linear  elastic  fracture  mechanics  provides  a  means  of  quantitatively 
assessing  the  behavior  of  cracks  under  stress  [8] .  Fracture  mechanics  proce¬ 
dures  were  used  in  this  investigation  to  analyze  two  aspects  of  the  fatigue 
behavior  of  the  HY-130  weldments:  (1)  to  provide  a  comprehensive  parameter 
which  incorporates  stress  level,  flaw  size  and  flaw  shape  in  order  to  cor¬ 
relate  initial  as-fabricated  discontinuities  with  fatigue  life  and  (2)  to 
provide  a  description  of  crack  growth  emanating  from  fabrication  discontin¬ 
uities.  The  fracture  mechanics  parameter  used  in  both  Instances  is  the 
crack-tip  stress-intensity  factor,  Kj  [8].  Kj  incorporates  both  stress  and 
flaw  size  terms  and  is  proportional  to  the  product  of  nominal  stress  and  the 
square  root  of  flaw  size, 

K x  -  Ca/ira,  (1) 

where  C  is  a  constant  which  is  a  function  of  specimen  type  and  crack 
geometry,  a  is  nominal  stress,  a  is  flaw  size  and  the  subscript  1  denotes  the 
opening  mode  of  crack  displacement.  For  the  purposes  of  this  report,  it  will 
be  assumed  that  all  reference  to  K  values  will  imply  Mode  I  conditions. 

The  analysis  of  both  aspects  of  fatigue  behavior  by  fracture  mechanics 
procedures  was  dependent  upon  the  ability  to  assign  an  effective  K  value  to 
weld  discontinuities.  Herein  lies  the  central  focus  of  this  investigation. 
Handbook  stress-intensity  factor  solutions  have  been  derived  for  infinitely 
sharp  planar  cracks  of  regular  geometric  proportions.  In  most  instances, 
weld  discontinuities  fail  to  meet  these  criteria  and  the  engineering  applica¬ 
tion  of  fracture  mechanics  to  defect  characterization  necessarily  involves 
approximation  and  improvisation.  Details  of  these  analytical  procedures  are 
described  separately  for  LOP  and  S/LOF  discontinuities  in  subsequent  sections 
of  this  report. 

The  general  fracture  mechanics  methodology  employed  was  to  assign  an 
initial  K  value  to  as-fabricated  discontinuities.  Initial  K  values  were  used 
in  two  ways:  (1)  to  correlate  with  corresponding  Nf  and  Nf  data  in  an 
attempt  to  provide  a  degree  of  quantitative  discontinuity  characterization 
lacking  in  the  S-N  plots  of  Figures  2  and  3,  and  (2)  to  use  in  a  crack  growth 
rate  analysis  of  the  number  of  cycles  spent  in  crack  propagation  (Nf  -Nf). 

The  calculation  of  the  number  of  cycles  spent  in  crack  propagation  was 
performed  by  well  known  procedures,  as  follows.  The  Paris  law  [8]  was  used 
to  describe  the  average  per  cycle  Incremental  crack  growth  advance  by  the 
following  equation. 
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where: 

■jjjj  *  rate  of  crack  advance  per  cycle 

C  *  material  constant 
n  *  material  constant 

AK  *  range  of  stress-intensity  factor  *  K^x  -  Kmin 

Fatigue  life  spent  in  crack  propagation  may  be  obtained  by  integrating  the 
Paris  equation, 

N  “ J  aoC(AK)nda 

where : 

N  =  cycles  spent  in  advancing  the  crack  from  a^j  to  af 
aQ  =»  initial  half  crack  size  (defect  dimension  in  direction  of 
subsequent  crack  growth) 
af  *  final  half  crack  size. 


In  those  cases  where  the  integration  of  equation  (3)  is  difficult  a 
finite  difference  technique  can  be  used  and  the  integration  performed 
numerically  with  the  aid  of  a  computer. 

Thus , 


f  Aa 
0C(AK)n 


(4) 


where : 

Aa  *»  small  finite  advance  of  the  crack. 


For  each  welded  fatigue  specimen  studied  in  this  investigation,  measure¬ 
ments  were  made  of  the  planar  dimensions  of  the  initial  weld  discontinuity 
which  generated  the  largest  final  fatigue  crack,  i.e.,  the  dominant  crack. 
These  dimensions  were  then  used  to  generate  an  effective  initial  discontin¬ 
uity  represented  by  a  fully-embedded  elliptical  discontinuity,  for  which 
fracture  mechanics  solutions  are  readily  obtainable  [9].  The  critical 
dimensions  of  elliptical  discontinuities  are  the  minimum  and  maximum  radii 
values.  For  the  purposes  of  this  investigation,  post-failure  measurements 
were  made  of  the  planar  dimensions  of  initial  discontinuities  at  1-mm  (0.040- 
in.)  intervals  to  establish  their  size. 


Typically,  the  discontinuities  studied  in  this  investigation  were  either 
roughly  rectangular  (LOP)  or  irregular  and  elongated  (S/LOF).  Examples  are 
shown  in  Figures  5  and  6.  Numerous  questions  arise  in  equating  such  fabri¬ 
cation  discontinuities  to  solutions  for  elliptical  discontinuities.  One  such 
approach  has  been  formalized  in  the  ASME  Section  XI  Boiler  and  Pressure 
Vessel  Code  [1].  There,  the  procedure  is  an  innately  conservative  one;  i.e., 
to  define  the  effective  fracture  mechanics  discontinuity  as  an  ellipse  which 
surrounds  or  fully  encloses  the  fabrication  discontinuities.  However,  for 
the  purposes  of  the  present  analysis,  more  consistent  results  were  obtained 
by  choosing  elliptical  geometries  which  best  fit  within  the  major  dimensions 
of  the  fabrication  discontinuities.  This  latter  procedure  produced 


analytical  results  which  gave  much  less  scatter,  as  shown  in  Table  6. 

It  is  recognized  that  discontinuity  shape,  as  well  as  size,  is  an 
important  variable  in  analyzing  crack  growth.  For  the  purposes  of  this 
study,  it  was  assumed  that  during  crack  growth  both  the  major  and  minor  radii 
of  the  fully-embedded  elliptical  discontinuities  varied  as  a  function  of  the 
stress-intensity  factor. 

Fatigue  life  calculations  using  Equation  4  were  made  using  the  following 
Paris  equation  parameter  values. 

C  ■  8.54X10“?  (m/cycle)/ (MPa/m) n 
•  4.13X10“9  ( in. /cycle) /(ksi/in.)n 
n  =»  2.176 

These  values  were  obtained  from  previous  NRL  studies  on  HY-130  steels  [10]. 

In  applying  Equation  4,  was  taken  to  be  half  the  maximum  through¬ 
thickness  dimension  of  the  fabrication  discontinuity  and  af  was  taken  to  be 
the  half  thickness,  t,  of  the  plate  material.  However,  there  are  two  valid 
arguments  for  ending  the  summation  even  before  the  internal  discontinuity  has 
reached  the  surface.  One  relates  to  net  section  stress  and  the  other  relates 
to  fracture  toughness.  Accordingly,  the  computer  program  which  performed  the 
summation  was  written  such  that  the  summation  would  be  ended  if  the  net 
section  stress  exceeded  1034  MPa  (150  ksi)  or  the  maximum  stress  intensity 
exceeded  180  MPa/m  (150  ksi/in. ).  It  is  also  recognized  that,  mathemati¬ 
cally,  ao  exerts  a  much  greater  influence  on  cycles  to  failure  than  does  af. 
Thus,  efforts  to  characterize  initial  discontinuity  severity  have  a  greater 
potential  to  influence  fatigue  life  estimates  than  do  final  failure  criteria. 

Finally,  fracture  mechanics  methodology  was  used  so  that  data  from 
specimens  which  lacked  intentional  initial  discontinuities  could  also  be 
included  in  summary  plots  of  initial  K  versus  Nf  and  Nf.  In  conducting  this 
analysis,  it  was  assumed  that  the  supposedly  unflawed  specimens  behaved  as  if 
some  finite  initial  discontinuity  did,  in  fact,  exist.  The  equivalent 
initial  discontinuity  size  of  the  sound-weld  specimens  could  then  be  defined 
as  that  which  places  the  initial  K  versus  Nf  data  on  the  same  line  as  that 
which  describes  the  flawed  specimens. 


This  was  done  by  first  fitting  an  equation  to 
data  for  the  LOP  specimens,  as  follows. 

initial  K  ■  mf  logio  N  +  bi 


the  initial  K  versus  Nf 


Similarly,  a  line  was  fit  to  all  the  S-N  data  for  sound  weld  specimens  and 
was  described  by  an  equation  of  the  following  form 

S  ■  m2  logio  N  +  b2 

Letting  initial  K  ■  S  / aeq ,  it  was  possible  to  estimate  agq  from 

f _  log1Q  N  +  bj 

Seq  "  m2  logiQ  N  +  b2 
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The  resulting  values  of  aeq  are  tabulated  in  Table  7.  Two  results  are 
apparent  from  these  data.  First,  there  is  about  a  2:1  variation  in  aeq 
depending  upon  whether  the  initial  K  values  are  calculated  with  the  ellipse 
lying  inside  or  outside  fabrication  discontinuities.  Second,  regardless  of 
which  assumption  is  made,  a^  values  exhibit  a  good  measure  of  consistency. 
Using  the  preferred  method  of  placing  the  ellipse  inside  the  fabrication 
discontinuities,  a^  averages  out  to  be. on  the  order  of  2.5  mm  (0.10  in.)  for 
the  sound-weld  specimens. 


Lack-of-Penetration  Discontinuity  Analysis 


The  lack-of-penetration  discontinuities  were  essentially  rectangular  and 
were  either  fully  embedded  or  full-width  internal  discontinuities.  They  were 
approximated  by  the  following  two  stress-intensity  factor  solutions.  The 
first  is  for  a  fully-embedded  elliptical  discontinuity  and  the  second  is  for 
a  rectangular  through  discontinuity. 


A  model  for  a  discontinuity  in  a  weld,  an  embedded  elliptical  discontin¬ 
uity  in  a  plate,  is  shown  in  Figure  7.  The  stress  intensity  for  a  zero- 
to-tension  stress  condition  (stress  perpendicular  to  the  plane  of  the  crack) 
as  defined  in  Reference  11  would  be: 


for  0  <  a/c  <  <»,  c/b  <  0.5,  and  -ir  <  $  <  ir  provided  that  a/ 1  satisfies: 


for  0  <  -  <  0.2 
c 

for  0.2  <£*» 
c 


(5) 


(6) 


where  Q  is  the  shape  factor  for  an  ellipse  and  is  given  by  the  square  of  the 
complete  elliptic  integral  of  the  second  kind.  The  width  (b)  and  length  (h) 
of  the  plate  were  taken  to  be  large  enough  so  that  they  would  have  a 
negligible  effect  on  stress  intensity.  The  boundary  correction,  F,  accounts 
for  the  influence  of  various  boundaries  and  is  a  function  of  crack  depth, 
crack  length,  hole  radius  (where  applicable),  plate  thickness,  and  the 
parametric  angle  of  the  ellipse.  Figure  8  shows  the  coordinate  system  used 
to  define  the  parametric  angle. 

Very  useful  empirical  expressions  for  Q  have  been  developed.  The 
expressions  are,  for  a/c  <  1.0,  which  was  the  case  for  all  of  the  specimens 
examined , 

1.65 

Q  *  1  +  1.464  (i)  (7) 


The  maximum  error  in  the  stress  intensity  factor  caused  by  using  these 
equations  for  Q  was  about  0.13  percent  for  all  values  of  a/c. 

The  function  Fe  accounts  for  the  influence  of  crack  shape  (a/c),  crack 
size  (a/t),  finite  width  (c/b),  and  angular  location  ($),  and  was  chosen  as 
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8  %  fw 


(8) 


F 

e 


+  Mj  (f)2  +  M3  (f)‘ 


The  term  in  brackets  gives  the  boundary-correction  factors  at  <{>  ■  tt/2  (where 
g  =  f<j,  »  1).  The  function  f<j,  was  taken  from  the  exact  solution  for  an 
embedded  elliptical  discontinuity  in  an  infinite  solid  and  fw  is  a  finite- 
width  correction  factor.  The  function  g  is  a  fine-tuning  curve-fitting 
function.  For  a/c  <  1: 


*  1 


M„ 


0.05 


0.11  +  (-) 


371 


(9) 


(10) 


M 


3 


0.29 _ 

3/2 

0.23  +  (-) 


g 


(?) 


1  +  4  (i) 


COS  <jl 


(11) 


(12) 


f 


4) 


2 

(•^J  cos2  $  +  sin2 


(13) 


The  finite-width  correction,  fw,  was 


f 

w 


sec 


(14) 


for  c/b  <  0.5.  (Note  that  for  the  embedded  discontinuity,  t  is  defined  as 
one-half  of  the  full  plate  thickness.) 


A  second  model ,  that  of  a  through  discontinuity  in  a  body  which  is 
finite  in  the  direction  of  crack  advance,  is  shown  in  Figure  9.  This  model 
describes  a  situation  which  arises  intentionally  when  partial-penetration 
welds  are  specified  to  obtain  cost  savxngs  over  full-penetration  welds.  The 
range  of  stress  intensity  for  a  zero-to-tension  stress  situation  can  be 
expressed  according  to  Reference  12  as: 


AK  ■  0  /ira 


(15) 


where  b  ■  plate  half  thickness. 
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The  initial  K  versus  Nf  and  Nf  data  are  plotted  in  Figures  10  and  11, 
respectively.  The  data  show  a  good  agreement  between  the  lifetimes  of  the 
welds  containing  LOP  discontinuities  and  the  models  used.  Compared  with  the 
data  in  Figures  2  and  3,  the  use  of  a  fracture  mechanics  approach  has 
successfully  normalized  the  data. 

Slag/Lack-of-Fusion  Discontinuities  Analysis 

The  slag/lack-of-fusion  discontinuities  were  roughly  elliptical  and  were 
fully  embedded,  so  they  were  described  by  the  solution  for  a  fully-embedded 
elliptical  discontinuity  given  in  the  preceding  section.  The  initial  K 
versus  Nf  and  Nf  data  are  plotted  in  figures  12  and  13,  respectively.  The 
data  show  only  a  low  correlation  between  lifetimes  of  welds  containing 
multiple  S/LOF  discontinuities  and  the  initial  K  values  calculated  by 
ignoring  all  S/LOF  discontinuities  except  the  one  yielding  the  largest 
fatigue  crack. 

DISCUSSION 

The  fracture  mechanics  analysis  methods  employed  in  this  investigation 
were  two-dimensional;  i.e.,  they  dealt  only  with  the  planar  dimensions  of  the 
discontinuities,  length  and  width  in  the  cross-sectional  plane.  Thus, 
discontinuity  acuity  or  sharpness  was  not  taken  into  consideration.  For 
the  fatigue  behavior  of  the  LOP  discontinuities ,  this  appears  to  have  been  a 
reasonably  successful  approach.  The  data  in  Figures  10  and  11,  initial  K 
versus  Nf  and  Nf,  respectively,  for  the  LOP  specimens,  are  nicely  normalized 
with  respect  to  stress  level  and  discontinuity  size.  LOP  discontinuities  are 
categorized  in  the  British  Standards  Institution  document  on  discontinuty 
assessment  for  fatigue  as  being  "planar"  or  crack-like  [2],  and  thus  should 
be  largely  amenable  to  a  straightforward  fracture  mechanics  approach. 

However,  it  should  be  pointed  out  that  some  degree  of  conservatism  is 
built  into  the  assumptions  underlying  the  approach  used  in  the  plots  shown  in 
Figures  10  and  11.  Despite  the  planar  nature  of  the  LOP  discontinuities, 
they  are  not  fully  crack-like  and  some  period  of  crack  initiation  life  was 
observed  in  most  instances.  This  is  illustrated  in  Figure  14,  which  is  a 
plot  of  observed  cycles-to-failure  versus  calculated  cycles-to-failure  using 
the  crack  growth  rate  methodology  described  earlier.  Except  for  specimens 
which  failed  in  very  short  fatigue  lifetimes,  the  trend  is  for  actual  fatigue 
life  to  exceed  calculated  fatigue  life;  thus  suggesting  that  even  planar  LOP 
discontinuities  are  not ,  in  fact ,  truly  crack-like  with  regard  to  their 
fatigue  behavior. 

The  successful  normalization  of  the  LOP  data  is  not  matched  for  the  LOF 
data.  Figures  12  and  13.  Here,  unlike  the  LOP  specimens,  multiple  initial 
discontinuities  existed  in  each  specimen.  In  undertaking  a  fracture 
mechanics  analysis  of  the  data,  attention  was  focused  on  selecting  the 
initial  discontinuities  which  appeared  to  initiate  crack  growth  first,  and 
thus  produced  the  largest  fatigue  crack  at  failure.  Obviously,  something 
other  than  this  unrefined  approach  is  needed.  Only  the  broadest  correlation 
trend  between  initial  K  and  Nf  and  Nf  is  apparent  in  the  data  shown  in 
Figures  12  and  13. 

Several  complicating  factors  affect  the  S/LOF  data.  The  S/LOF 


9 


discontinuities  were  formed  by  intentionally  leaving  entrapped  slag  in  the 
welds.  The  British  Standards  Institution  document  categorizes  slag 
discontinuities  as  being  “non-planar"  [2],  and  thus  something  less  severe 
than  crack-like.  Post-failure  examination  of  the  S/LOF  specimens  revealed 
that,  in  many  instances,  the  largest  initial  slag  discontinuities  did  not 
lead  most  quickly  to  failure.  Discontinuity  acuity  and/or  the  surrounding 
residual  stress  field  played  more  important  roles  than  discontinuity  size, 
per  se.  Obviously,  a  great  deal  more  needs  to  be  learned  before  the  fatigue 
behavior  of  multiple  S/LOF  discontinuities  can  be  predicted  with  confidence 
and  accuracy. 

Finally,  the  S/LOF  specimens  tested  consisted  of  a  mixture  of  weld  metals 
(7018,  9018,  11018  and  14018)  of  varying  yield  strengths  approximately  480  to 
960  MPa  (70  to  140  ksi).  Amongst  these  were  specimens  tested  in  the  as- 
welded  (AW)  and  post-weld  heat-treated  (PWHT)  conditions.  Figure  15  shows 
stress-amplitude  versus  Nf  data  for  these  specimens.  These  limited  data  do 
not  suggest  any  significant  effect  of  strength  level,  per  se,  on  fatigue 
life.  This  is  as  expected  for  the  fatigue  life  regime  involved  (Nf  <  10^ 
cycles  to  failure).  However,  the  PWHT  does  appear  to  impart  significant 
benefits  to  fatigue  life,  thus  suggesting  that  residual  tensile  stress  plays 
an  important  role  in  fatigue  crack  initiation  at  S/LOF  discontinuities. 

SUMMARY  AND  CONCLUSIONS 

Butt-welded  HY-130  steel  specimens  containing  internal  lack-of- 
penetration  (LOP)  and  slag/lack-of-fusion  (S/LOF)  discontinuities  were  cycled 
to  failure  at  nominal  stress  levels  from  276  to  827  MPa  (40  to  120  ksi)  and 
resulting  fatigue  lifetimes  between  102  and  10&  cycles.  Strain-gage  instru¬ 
mentation  was  employed  to  estimate  the  point  of  crack  initiation  during 
fatigue  cycling.  Attempts  were  made  to  analyze  fatigue  behavior  on  the  basis 
of  linear  elastic  fracture  mechanics  parameters.  The  following  conclusions 
were  reached  as  a  result  of  this  investigation. 

•  For  specimens  containing  single  planar  LOP  discontinuities  of  varying 
sizes,  a  good  correlation  was  obtained  between  the  initial  stress- 
intensity  (K)  and  cycles-to-failure  (Nf)  and  cycles-to-initiation 
(Nf).  The  rectangular  LOP  discontinuities  were  most  successfully 
approximated  for  fracture  mechanics  analysis  purposes  by  elliptical 
discontinuity  solutions,  for  ellipses  lying  within  the  boundaries  of 
the  rectangular  discontinuities.  This  approach  embodies  an  inherent 
degree  of  conservatism  because,  even  for  the  planar  LOP  discontin¬ 
uities,  a  significant  period  of  crack  initiation  occured,  except  for 
very  short  fatigue  lifetimes. 

•  For  specimens  containing  multiple  non-planar  S/LOF  discontinuities,  a 
satisfactory  correlation  between  initial  K  and  Nf  or  Nf  could  not  be 
readily  obtained.  The  effects  of  discontinuity  acuity  and  surrounding 
residual  stress  fields  appear  to  exert  a  greater  influence  than 
discontinuity  size,  per  se.  Additional  study  is  needed  before 
reliable  engineering  criteria  relating  to  S/LOF  discontinuity  behavior 
in  fatigue  can  be  developed. 

•  For  specimens  containing  S/LOF  discontinuities  prepared  with  a  variety 
of  weld  metals  of  varying  yield  strengths,  strength  level,  per  se,  did 


not  exhibit  any  tangible  influence  on  fatigue  life.  However,  post¬ 
weld  heat-ureatment  did  have  significant  beneficial  effects  on  fatigue 
life. 
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TABLE  4-  PROCEDURES  FOR  PREPARATION  OF  BUTT  WELDS 


WELDING 

PARAMETER 

ELECTRODE 

7018 

901 8B3 

11018M 

14018 

WELDING 

PROCESS 

SMA 

(MANUAL) 

SMA 

(MANUAL) 

SMA 

(MANUAL) 

SMA 

(MANUAL) 

ELECTRODE 
DIAMETER, 
mm.  (in) 

3  (1/8) 

3  (1/8) 

3(1/8) 

3  (1/8) 

4  (5/32) 

CURRENT, 

AMPERES 

120-140 

120-140 

120-140 

POLARITY 

DC  REVERSED 
POLARITY 

DC  REVERSED 
POLARITY 

DC  REVERSED 
POLARITY 

DC  REVERSED 
POLARITY 

VOLTAGE, 

VOLTS 

21-25 

21-25 

21-25 

PREHEAT  AND 

INTERPASS 

TEMPERATURE 

°C  (°F> 

107-149 

(225-300) 

107-149 

(225-300) 

107-149 

(225-300) 

107-149 

(225-300) 

ARC  TRAVEL 

SPEED 

m/min  (in./min) 

203-305 

(8-12) 

203-305 

(8-12) 

203-305 

(8-12) 

203-406 

(8-16) 

MAXIMUM 

HEAT  INPUT 

MJ/m. 

(kJ/in.) 

1.03 

(26.25) 

1.03 

(26.25) 

1.03 

(26.25) 

1.77 

(45) 

SHIELDING 

GAS 

NONE 

NONE 

NONE 

NONE 

JOINT 

GEOMETRY 

90° 

DOUBLE  V 

90° 

DOUBLE  V 

90° 

DOUBLE  V 

90° 

DOUBLE  V 

DISCONTINUITY 

TYPE 

S/LOF 

S/LOF 

S/LOF 

LOP, 

S/LOF 

POST 

WELD 

HEAT 

TREATMENT 

621  °C 
(11 50°F) 

FOR  1  hr., 

AIR  COOL 

690 °C 
(1275°F) 

FOR  1  hr., 

AIR  COOL 

566°C 

(1050°F) 

FOR  1  hr., 

AIR  COOL 

NONE 

TABLE  5-  RESULTS  OF  FATIGUE  TESTS 


ID 

a 

mm. 

b 

mm. 

c 

mm. 

t 

mm. 

DELTA  S 

MPa 

N, 

CYCLES 

Nf 

CYCLES 

DISCONTIN¬ 

UITY 

TYPE 

1 

0 

35.6 

0 

552 

27000 

59417 

NONE 

2 

0 

37.3 

0 

K 

552 

• 

33119 

NONE 

3 

0 

39.3 

0 

9750 

24793 

NONE 

4 

2.1 

36.8 

36.8 

12.7 

552 

5650 

9453 

LOP 

5 

0 

36.8 

0 

12.7 

5200 

13065 

NONE 

7 

2.1 

37.2 

37.2 

12.7 

552 

3750 

10255 

LOP 

8 

2 

36.2 

8.1 

12.5 

690 

1600 

LOP 

9 

2.1 

37.8 

37.8 

13 

414 

9750 

19900 

LOP 

11 

1.6 

34.1 

19.9 

12.3 

414 

10750 

LOP 

12 

0 

36.6 

0 

12.7 

414 

113949 

NONE 

13 

0 

36.3 

0 

12.6 

276 

261000 

357033 

NONE 

14 

2.2 

36.5 

21.4 

12.7 

690 

• 

3754 

LOP 

15 

1.9 

37.5 

7.3 

12.8 

552 

1000 

21225 

LOP 

16 

0 

36.7 

0 

12.7 

827 

• 

10000 

NONE  | 

17 

0 

34.9 

0 

12.7 

827 

• 

13509 

NONE 

18 

0 

35.6 

0 

13.3 

6500 

28011 

NONE 

19 

0 

36.2 

0 

12.9 

414 

70000 

104959 

NONE 

20 

2.1 

37.4 

8.2 

12.6 

414 

13500 

50500 

LOP 

21 

1.9 

36.4 

20.2 

12.6 

552 

1000 

12937 

LOP 

22 

2 

37.1 

37.1 

12.9 

690 

375 

3459 

LOP 

23 

2.1 

37.3 

7.6 

12.7 

552 

• 

LOP 

ND-20 

.7 

50.8 

3.8 

12.7 

345 

5000 

36000 

LOP 

ND-12 

.5 

50.8 

6.6 

12.7 

345 

175000 

219200 

LOP 

NA-1 

0 

31.7 

0 

12.7 

552 

• 

64200 

NONE 

NA-2 

0 

31.7 

0 

12.7 

552 

* 

60900 

NONE 

NC-13 

0 

31.7 

0 

12.7 

552 

« 

59800 

NONE 

NA-5 

0 

31.7 

0 

12.7 

552 

* 

51100 

NONE 

NC-14 

0 

31.7 

0 

12.7 

552 

* 

50500 

NONE 

TABLE  5-  RESULTS  OF  FATIGUE  TESTS  (Corn'd) 


ID 

a 

mm. 

b 

mm. 

c 

mm. 

t 

mm. 

DELTA  S 

MPa 

Nj 

CYCLES 

Nf 

CYCLES 

DISCONTIN¬ 

UITY 

TYPE 

7018N1 

.4 

41.2 

6.7 

12.9 

414 

mm 

8557 

S/LOF 

7018N2 

1 

42 

4 

12.9 

448 

• 

S/LOF 

7018N3 

0 

40.5 

0 

12.7 

448 

• 

107392 

NONE 

7018N4 

.6 

42.8 

22.3 

12.7 

379 

15000 

73664 

S/LOF 

9018N1 

.6 

41.6 

12.9 

579 

250 

p:tv<  jmm 

S/LOF 

9018N2 

.2 

41.4 

6.8 

12.9 

346 

»>;rri  !■» 

S/LOF 

9018N3 

0 

37.4 

0 

12.9 

346 

* 

271500 

NONE 

9018N4 

.5 

38.4 

10.4 

12.9 

483 

16804 

S/LOF 

11018N1 

.4 

42.6 

12.9 

579 

1250 

13627 

S/LOF 

11018N2 

.1 

39.6 

12.9 

379 

21500 

S/LOF 

11018N3 

.6 

44.2 

6.2 

12.7 

579 

3750 

18000 

S/LOF 

11018N4 

.6 

42.6 

14.8 

13 

346 

Ir/rnl! 

S/LOF 

14018N1 

.4 

41.9 

32.8 

12.7 

562 

1317 

S/LOF 

14018N2 

1 

39.5 

21.2 

13 

562 

• 

1849 

S/LOF 

14018N3 

1 

41.9 

21.2 

13 

690 

# 

1096 

S/LOF 

14018N5 

1.3 

41.3 

8.6 

12.8 

414 

* 

5896 

S/LOF 

14018N6 

1.3 

42.5 

13 

276 

65472 

S/LOF 

14018N7 

3 

44 

20.3 

12.9 

414 

* 

7531 

S/LOF 

ND-18 

.6 

50.8 

6.9 

12.7 

346 

S/LOF 

ND-17 

1.2 

50.8 

12 

12.7 

345 

27500 

71300 

S/LOF 

ND-19 

.8 

50.8 

8.8 

12.7 

346 

17500 

S/LOF 

ND-16 

.2 

31.7 

3.8 

12.7 

562 

• 

S/LOF 

ND-46 

.6 

31.7 

2.2 

12.7 

562 

me ■:  rni 

S/LOF 

ND-47 

.6 

31.7 

.7 

12.7 

552 

5450 

10400 

S/LOF 

ND-46 

1 

31.7 

2.7 

12.7 

562 

1020 

6750 

S/LOF 

ND-38 

.5 

31.7 

.7 

12.7 

562 

5700 

S/LOF 

NE-8 

.2 

31.7 

5.5 

12.7 

552 

1750 

4970 

S/LOF 

NE-7 

1.1 

31.7 

1.5 

12.7 

552 

250 

2870 

S/LOF 

NE-12 

1 

31.7 

.6 

12.7 

552 

1500 

4400 

S/LOF 

NOT  MEASURED 


TABLE  7-  EFFECTIVE  INITIAL  FLAW  SIZES  FOR  UNFLAWED  SPECIMENS 


LOCATION  OF  ASSUMED"  INITIAL  "ELLIPSE  RELATIVE 
_ TO  DISCONTINUITY _ 


INSIDE  OUTSIDE 


N=Nj 

N=Nf 

Z 

H 

N=Nf 

EFFECTIVE  INITIAL  FLAW  SIZE 


mm 

in 

mm 

in 

mm 

in 

mm 

in 

1 

2.395 

2.289 

0.09013 

4.211 

0.1658 

4.831 

0.1902 

2 

■Ml 

2.654 

0.1045 

4.615 

0.1817 

3 

2.516 

L'A'I'A'I] 

2.807 

0.1105 

3.988 

0.1570 

4.531 

0.1784 

5 

3.091 

0.1217 

3.886 

0.1530 

4.384 

0.1726 

12 

2.251 

0.08861 

1.760 

0.06929 

4.496 

0.1770 

5.184 

0.2041 

13 

1.802 

0.07095 

0.424 

0.01669 

5.509 

0.2169 

6.574 

0.2588 

16 

3.193 

0.1257 

4.333 

0.1706 

17 

3.079 

0.1212 

4.389 

0.1728 

18 

2.553 

0.1005 

2.743 

0.1080 

3.919 

0.1543 

4.567 

0.1798 

19 

2.227 

0.08766 

1.834 

0.0722 

4.544 

0.1789 

5.131 

0.2020 

NA-1 

2.234 

0.08795 

4.864 

0.1915 

NA-2 

2.272 

0.08944 

4.841 

0.1906 

NC-13 

2.285 

4.834 

0.1903 

NA-5 

2.392 

0.09418 

4.768 

0.1877 

NC-14 

2.400 

0.09449 

4.763 

0.1875 

EFFECTIVE  INITIAL  FLAW  SIZE 
m1  I°910  N  +  bi 

AEFFECTIVE  = 


m2  logio  N  4-  b2 

WHERE  K|NmAL  VERSUS  N  DATA  FOR  LOP  SPECIMENS  IS  DESCRIBED  BY 

^INITIAL  =  m1  lo9l0  N  +  bi 

AND  S  VERSUS  N  DATA  FOR  UNFLAWED  SPECIMENS  IS  DESCRIBED  BY 

S  =  m  log^o  N  +  b2 


20 


800 


ediAi  'aanindiAiv  ssaais 


is>!  'aaruiidiAiv  ssaais 


22 


Fatigue  initiation  life  of  weldments 


t-.u: 


SOUND  WELD  TREND  LINE 


-penetration  discontinuities 


ui jAediAl  'iVlllNl^j 


8 


•wyvjs^  'Iviiini^j 


32 


lag/lack-of-fusion  discontinuities. 


CALCULATED  CYCLES  TO  FAILURE 


®di/\i  '3an±ndiAiv  ssayis 


w 

ai 


L*.  •• 


.\l 


35 


END 

FILMED 

6-85 

DTIC 


